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ABSTRACT

Current wafer-scale fabrication methods for graphene-based electronics and sensors involve the transfer of single-layer graphene by a sup-
port polymer. This often leaves some polymer residue on the graphene, which can strongly impact its electronic, thermal, and mechanical
resonance properties. To assess the cleanliness of graphene fabrication methods, it is thus of considerable interest to quantify the amount of
contamination on top of the graphene. Here, we present a methodology for the direct measurement of the mass of the graphene sheet using
quartz crystal microbalances (QCMs). By monitoring the QCM resonance frequency during removal of graphene in an oxygen plasma, the
total mass of the graphene and contamination is determined with sub-graphene-monolayer accuracy. Since the etch-rate of the contamina-
tion is higher than that of graphene, quantitative measurements of the mass of contaminants below, on top, and between graphene layers are
obtained. We find that polymer-based dry transfer methods can increase the mass of a graphene sheet by a factor of 10. The presented mass
measurement method is conceptually straightforward to interpret and can be used for standardized testing of graphene transfer procedures
in order to improve the quality of graphene devices in future applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5111086

The remarkable electronic,' thermal,” * and mechanical” proper-
ties of graphene have opened the door for many new electronic devi-
ces”” and sensors.'’”'” Fabrication of these devices on a wafer scale
often requires transfer of sheets of single-layer graphene grown by
chemical vapor deposition (CVD), using a support polymer.'* " It is
inevitable that this introduces some transfer contamination on top of
the graphene,””” significantly impacting the device’s electronic,”* *°
thermal,””*® or mechanical resonance properties.f"zg’31 Therefore, a
simple and accurate test to determine the amount of contamination
on top of graphene is needed. Typically, the contamination layers on
top of graphene are optically transparent, soft, and relatively thin
(<1 pum). For these reasons, these layers are difficult to detect by popu-
lar characterization techniques such as optical microscopy,‘;‘; Raman
spectroscopy,”~ and atomic force microscopy.™

Several works have determined the amount of contamination on
top of graphene resonators by tracking the resonance frequency shift
in response to an out-of-plane force.”””*'** However, these methods
require knowledge of the mechanical properties of the resonator,
which vary considerably from device-to-device, impacting the accu-
racy of resonance-based measurement methods.” *” Moreover, these
resonance based methods only probe contamination over a small area
of the suspended resonator, whereas large lateral variations in the
amount of contamination can occur. For assessment of production
techniques, it is important to have procedures that ensure low contam-
ination levels over large areas.

Here, we present a method to determine the mass of graphene
and of the contamination layers on top of graphene, between gra-
phene double-layers, and below graphene. We employ quartz crystal
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microbalances (QCMs), which are piezoelectric quartz crystals that
can be brought into resonance by applying an oscillating voltage."’
QCMs are popular tools to measure growth rates during thin film
deposition and in biochemical applications,”"** because of their sim-
plicity and high accuracy. This has enabled researchers to monitor
changes in graphene’s mass due to interfacial processes on the sur-
face.”>** In this work, we demonstrate the use of QCMs to determine
the mass of graphene itself and contaminants by an in situ measure-
ment during oxygen plasma etching. In contrast to mechanical reso-
nance based methods, the proposed method is no longer sensitive to
the mechanical properties of the graphene and thus facilitates a direct
measurement of the mass and furthermore allows large areas of gra-
phene to be studied.

The sensors consist of AT-cut piezoelectric quartz crystals
(Novatech S.rl. AT10-14-6-UP) between two gold contacts, vibrating
at a resonance frequency near 10 MHz. A Piranha solution and oxygen
plasma treatment on both sides are used to clean the crystals of all
organic contaminants, and no significant organic contamination
remains after this process as shown in supplementary material S3.
Large sheets of graphene grown by chemical vapor deposition (CVD)
are transferred on top of one of the electrodes using a widely used dry
transfer method.'® It is ensured that the graphene sheet fully covers
the electrode. A second layer of graphene is transferred on some of the
crystals to create double-layer graphene. No attempts are performed to
clean the graphene after transfer, since we are interested to see the
amount of transfer residue on top of the graphene as a result of this
process.

Figure 1(a) shows the experimental protocol to measure the mass
of graphene. The crystal with CVD graphene is placed in the plasma
chamber. Oxygen plasma etches the graphene and organic residues,
which reduces the mass on top of the crystal that results in an increase

(a)
1: Single layer CVD graphene 2: Remove graphene in
oxygen plasma

on top of QCM

4: Derive mass from resonance

3: QCM with graphene
frequency shift

removed

P
Shiftin 7,

Amplitude
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in the QCM resonance frequency. The resonance frequency of the
QCM is continuously monitored during the etching process.
Stabilization of the resonance frequency indicates full removal of the
graphene and all the organic contaminants from the QCM. The shift
in the resonance frequency Af can be related to the removed mass
using the Sauerbrey equation,’

Af = —Cph, (1)

where p is the density, & is the thickness of the material on top of the
QCM, and the constant C is given by the properties of the quartz
crystal,

2
C=

; 2

\/mf" ’ @
where p, is the density of quartz, p, the shear modulus, and f,
=10MHz the unloaded resonance frequency of the crystal. For the
crystals used in this work, a single monolayer of graphene with a mass
density of phgraphene = 0.76 mg/m2 corresponds to a theoretical reso-
nance frequency shift of 17.19 Hz. Throughout this work, we will often
express the mass per unit square or frequency shift in units of equiva-
lent monolayers of graphene.

Figure 1(b) shows the experimental setup to measure the reso-
nance frequency of the crystal during etching. We use a reactive ion
etcher (Leybold Hereaus Fluor F2) in a class 10000 (ISO7) cleanroom
as the plasma chamber. A blind vacuum flange is adapted to create
electrical feedthroughs to the chamber and connected to a KF-40 port
on the plasma chamber. A vector network analyzer (VNA) interrog-
ates the resonance frequency of the membrane by a transmission mea-
surement. Alternatively, one can use a commercially available
oscillator circuit as shown in supplementary material S1. However, the

(b)

t1000
Top P
SIS Temperature m
sensor s

21

Vector Network Analyzer

Bottom Multimeter

electrode
KF40 flange

Frequency

FIG. 1. (a) Experimental procedure to measure the mass of graphene using the quartz crystal microbalance (QCM). The measurement starts with a QCM with a sheet of CVD
graphene covering one of the electrodes. The oxygen plasma etches away the graphene and any contaminants until the etching stops. Continuous monitoring of the resonance
frequency of the crystal allows one to determine the mass that has been removed by the plasma. (b) Experimental setup to determine the mass of graphene during plasma
etching. The QCM and temperature sensor are mounted on a KF40 flange with electrical feedthroughs to an ICP etching chamber. Outside the vacuum chamber, the oscillator
circuit processes and conditions the signal from the QCM which is then readout using a frequency counter. A platinum resistor pt1000 thermometer determines the temperature

near the QCM.
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FIG. 2. (a) Frequency shift as a function of etch time for two crystals covered by single layer graphene. At time 0, the oxygen plasma is switched on. Both crystals show an ini-
tial high etch rate which rapidly decreases after ~20's, followed by a slight increase until the frequency settles. The uncertainty bar is determined by (1) the temperature depen-
dence of the frequency, (2) a small jump in frequency when the RF power is switched on, and (3) the occurrence of sudden jumps in the frequency (see the supplementary
material). The total uncertainty is determined to be 7 Hz. (b) Frequency shift for two crystals covered with double-layer graphene. These crystals show a striking decrease in
the etching rate, after which the etching rapidly increases again. At approximately 130, crystal 2 features a second decrease in the etch rate. The uncertainty is larger with
respect to the single-layer devices due to the more frequent occurrence of jumps in the frequency.

VNA produces the best results as it is not sensitive to the interference
from the RF plasma at 13.56 MHz—the homodyne detection scheme
rejects these frequencies. The oscillator circuit, on the other hand, will
often lose lock on the mechanical resonance frequency when the
plasma ignites, eliminating measurement data during the etching pro-
cess (see supplementary material S3). A pt-1000 temperature sensor is
placed in the chamber near the crystal to monitor the temperature,
because this affects the resonance frequency. The uncertainty in the
resonance frequency is determined by three factors, as shown in sup-
plementary material S2: first, the frequency dependence of the crystal
on temperature, which is characterized in a subsequent measurement;
second, the occurrence of a small (~3 Hz) jump when the RF power is
switched on; and third, the occurrence of random frequency jumps
during the measurements which possibly occur due to spurious
modes.

Figure 2 shows the resonance frequency of four graphene-
covered crystals as a function of the etch time in an oxygen plasma.
Crystals covered with single-layer graphene are shown in Fig. 2(a).
After the plasma is switched on, the resonance frequency rapidly
increases which indicates the removal of mass from the crystal. We
observe that after approximately 20, the etch rate decreases consider-
ably. After some time, however, the etch rate slightly increases again
before the frequency stabilizes. In crystal 1, this corresponds roughly
to a monolayer of graphene being etched, while in crystal 2, more
mass is removed in this slower regime. A total mass corresponding to
10.8 = 0.4 layers of graphene is removed from crystal 1, while a total
of 12.2 = 0.4 layers was removed from crystal 2. The total uncertainty
of these measurements is determined to be 7 Hz, thus achieving sub-
monolayer accuracy in the mass.

The results on the stacked double layers of graphene are shown
in Fig. 2(b). Similar to the case of the single-layer graphene, the etching
slows down considerably after approximately 40 to 50 s. After this, the
etching rate increases significantly. In crystal 2, a second decrease in

the etching rate is observed at approximately 130s of etching time.
Later, the etching rate increases again and finally stops. In crystal 1,
this second decrease in the etching rate is less prominent due to spuri-
ous frequency jumps near 200 s and 300s. A total mass corresponding
to 16.0 = 1.1 monolayers of graphene is removed from crystal 1, while
14.0 = 1.1 equivalent monolayers are removed from crystal 2. The
more frequent occurrence of random jumps during the measurements
of these crystals causes a higher uncertainty compared to the single-
layer crystals. Possible causes of the random jumps are outlined in sup-
plementary material S2.

The total etched mass of all the crystals used in this work is
shown in Table I. The remaining etching curves that are not shown in
Fig. 2 are given in supplementary material S3. For the double layer
crystals (DLG), we etch away on average an equivalent mass of 16.7
monolayers of graphene, while for the single layers (SLG), we etch
away 11.8 layers of graphene.

We first discuss the observed variation in the etch rate, in particu-
lar, the slow etching regimes in the double-layer crystals. By compar-
ing the single layer and double layer crystals in Fig. 2, we conclude that
the slower etch rate can be attributed to the graphene, since the double

TABLE |. Measured mass per unit square ph divided by the theoretical mass of
graphene phgraphene = 0.76 mg/m2. The SLG column shows single Ia¥er graphene
crystals and the DLG column double layer graphene. Three crystals (') were mea-
sured by the VNA, and the remainder (*) were measured by the oscillator circuit.

Crystal SLG ph/ phgraphene Crystal DLG ph/ phgraphene
1 12.2° 1 16.0"
2 10.8" 2 14.0*
3 10.1% 3 19.7%
4 14.0* 4 19.2%
5 5 14.5%
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layer crystals typically show a second decrease in the etching rate. The
results thus show that the graphene etching rate is much slower than
the contamination. From the data with SLG in Fig. 2(a), we conclude
that most of the contamination is present on the top side of the gra-
phene since initially most of the mass is removed, and after the etching
slows down, it does not increase again. This makes transfer residues
from the polymer a likely source of contamination, which is supported
by further measurements on crystals covered by only polymer (with-
out graphene), see supplementary material S3. On Crystal 2 with SLG,
significantly more mass (approximately 1.5 equivalent graphene
monolayers) is removed in the slow etching regime, which might indi-
cate the presence of contamination underneath the graphene. Possible
sources of contamination underneath graphene could be water which
is known to accumulate between graphene and the substrate,”” or
insufficient cleaning of organic contaminants from the QCM before
transfer. In supplementary material S3, we show a measurement at a
much lower plasma power of 4 W. At this power, graphene was not
fully removed but rather oxidized as shown by Raman spectroscopy,
confirming the slow etching rate of graphene with regard to the
contamination.

The measurements of double layer graphene crystals in Fig. 2(b)
provide further evidence that the slower etch rate can be attributed to
the graphene. One interpretation of the data is that the etching of the
first graphene layer causes a significant decrease in the etching rate
after 40's, and the less-prominent second decrease can be attributed to
the second graphene layer. Since the etching rate significantly increases
after slowing down, we conclude that the stacking of these layers effec-
tively results (from bottom to top) in a graphene-residue-graphene-
residue stack. While the first region with a slow etch rate shows a
relatively sharp decrease in the etching rate, the second slow regime is
considerably smoother. This may be due to lateral nonuniformities in
the etch rate or contamination thickness, which result in variations in
the time when the second graphene layer is reached and etched. One
striking observation is that the addition of the second graphene layer
increases the mass by only ~40%, instead of doubling the mass. From
the experiments (Fig. 2), it appears that the additional mass can be
attributed to the top contamination layer of the single layer graphene,
while this layer is significantly thinner in the double-layer crystals. The
underlying cause of this observation is currently unknown.

The method presented here can be used in several future techno-
logical applications. For example, the frequency range of tunable oscil-
lators”*>*” and the responsivity of resonating pressure sensors' " '*"
are significantly impacted by the mass-per-unit-square of the device.
The method is also a useful technique to determine the presence of
contamination. The electron mobility of graphene, for example, is sig-
nificantly impacted by contaminants.”* *****” Graphene has also been
proposed as heat spreaders for thermal management in electronic cir-
cuits,” but contaminated samples also show a significantly lower ther-
mal conductivity.”** For upscaling electronic and thermal graphene
applications to the wafer scale, the proposed QCM method can be
used to select the best transfer technique to produce high-quality gra-
phene devices. Furthermore, the QCM method no longer requires the
fabrication and testing of devices to optimize the transfer proce-
dure,” **** which simplifies the procedure and improves the
throughput of the optimization process. The QCM method thus ena-
bles large-scale quality control of graphene sheets. Moreover, since
graphene etches much slower than the contamination, the technique

ARTICLE scitation.org/journal/apl

can discriminate between the amount of contamination underneath
and on top of the graphene.

For research, the method is useful to study the mass of wrinkled
graphene membranes to reveal their hidden area,”’ for example, gra-
phene transferred on smooth or rough substrates. Furthermore, the
QCM measurement can be a corroboration to the number of layers
revealed by Raman spectroscopy.” In particular, the method is accu-
rate enough to count the number of layers on few-layer graphene sam-
ples, in the regime where this is difficult to achieve with Raman
spectroscopy. Moreover, in heterostructures or other stacks of multi-
layer 2D materials, the QCMs are useful to reveal the presence of
trapped residual materials, which can hamper the interlayer coupling
that gives these stacks their favorable properties.

To conclude, we present a method to determine the mass-per-
unit-square and etch rate of CVD-grown graphene sheets using quartz
crystal microbalances. This is achieved by etching graphene on a
QCM in oxygen plasma and measuring the resonance frequency of
the crystal in situ. We find that by using a widely used dry transfer
method, the mass of the single-layer graphene sheet is observed to be
ten times higher than the theoretical mass of graphene. The time-
dependence of the etching rate shows that most of the contamination
is on top of the graphene. The method is useful for quality control of
large sheets of graphene for future sensing, electronic, and thermal
applications.

See the supplementary material for (S1) further information on the
measurement setup using the commercially available oscillator circuit;
(S2) determination of the uncertainty in the frequency shift; and (S3)
additional measurement results, including more crystals included in
Table I, measurements using low RF power, measurements on bare crys-
tals, and measurements on polymer-covered crystals without graphene.

The authors thank Applied Nanolayers B.V. for supply and
transfer of the single-layer graphene and Hugo Solera Licona for help
with cleaning the crystals. This work is part of the research
programme Integrated Graphene Pressure Sensors (IGPS) with
Project No. 13307 which is financed by the Netherlands Organisation
for Scientific Research (NWO). The research leading to these results
also received funding from the European Union’s Horizon 2020
research and innovation programme under Grant Agreement No.
785219 Graphene Flagship. The authors acknowledge support from
the Australian Research Council Centre of Excellence in Exciton
Science (No. CE170100026) and the Australian Research Council
Grants Scheme.
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